is paper studied the effects of powder size on densification, microstructure, and mechanical properties of the hot isostaticpressed 2A12 aluminum alloy powder compact. e results show that the near-fully dense powder compact can be successfully achieved and the smaller the powder is, the higher the relative density is. In addition, as the powder size decreases, the precipitated phases in the powder compact change from continuously point-like distribution at the junctions among powder particles to the concentrated distribution at the three-way intersections. Compared with the large powder, the tensile strength, yield strength, and elongation of the compact with the small powder were improved by 14%, 30.8%, and 48.6%, respectively.
Introduction
2A12 aluminum alloy (2A12Al) has low density, high specific strength, and good corrosion resistance, which makes it widely used for the structural components in aeronautics and astronautics [1] .
e near-net shaping (NNS) technology has attracted widespread interests. It is considered as a reliable and low-cost material forming process. It has great potential to form the parts with complicated internal cavities, which are difficult to be fabricated by traditional methods such as forging, machining, and so on. e NNS technology is composed of several methods: powder injection molding (PIM), hot isostatic pressing (HIP), powder forging (PF), and cold isostatic pressing (CIP)/sintering [2, 3] . Usually, the products fabricated by PIM have inferior mechanical properties than those using other NNS technologies [4] . Higher mechanical strength can be obtained through PF, but this method is restricted to the large-scale components. HIP is an appropriate forming process for components with large and complex shapes. In addition, the HIPed parts have a finer and more homogeneous microstructure than the parts formed by other NNS technologies, which leads to an enhancement of the mechanical properties [5, 6] . e mechanical properties of HIPed parts are influenced by the densification of the metal powder. e densification process includes three main mechanisms: powder compaction and rearrangement, plastic deformation, and diffusion creep [7] [8] [9] . ese densification mechanisms are significantly affected by the size and shape of the powder [10] . Longrasso and Koss investigated the influence of Ti powder shape on densification during HIP [8] . In addition, many papers studied the effects of matrix powder size on densification, hardness, microstructure, and wear resistance of composites [7, 11, 12] . However, to the authors' best knowledge, few studies have focused on the effect of monolithic aluminum alloy powder size on densification. erefore, the aim of this work is to investigate the influence of 2A12Al powder size on densification behavior, microstructure, and mechanical properties of powder compacts prepared using HIP.
Forster (Beijing) Technology Development Co., Ltd. in China.
e powder size, apparent density, and oxygen content are listed in Table 1 . Among them, D 10 indicates that the powder size smaller than the D 10 corresponding size accounts for 10%. D 50 usually represents the average size of powders. D 90 shows that the powder size smaller than the D 90 corresponding size accounts for 90%. e small powders with high surface energy are prone to be contaminated, resulting in a high oxygen content [13] .
e chemical composition of the 2A12Al powder is given in Table 2 . Figure 1 shows the morphologies and the particle size distribution of powders. e powders are nearly spherical in shape, and the size of the powders 1, 2, and 3 is between 131 and 292 μm, 85 and 174 μm, and 14 and 67 μm, respectively. It can be found that there are plenty of satellite particles in the small powders (no. 3; Figure 1(c) ), which can be attributed that metal liquid was broken into small droplets under the impact force. Compared with the large droplets, small droplets were formed more per unit time. e greater surface tension and undercooling gave rise to the earlier solidification of small droplets than large droplets. e firstly solidified small droplets moved with a high speed and then collided with large droplets, resulting in the cold welding. e small droplets attached to the surface of large ones form the tiny satellite particles. ese satellite particles can be filled into the gap between large powders, giving rise to a higher apparent density of powder 3.
HIP Process.
Firstly, 2A12Al powders were filled into a 1060 pure Al (1060Al) circular cylinder capsule with 60 mm internal diameter, 120 mm height, and 1 mm wall thickness. e 1060Al capsule was used because it does not react with the original material. Subsequently, the capsule was degassed at a temperature of 400°C by an FJ-620 molecular pump until the vacuum degree was 1.0 × 10 −4 Pa. And then, hot isostatic pressing was carried out in QIH-15 HIP equipment under the process parameters of 470°C, 130 MPa, and 3 h dwell time.
ree samples of each powder size were prepared at least. After HIP, the capsule was removed by machining.
Microstructure and Mechanical Property.
e relative density of powder compacts was measured based on Archimedes' principle, and the high-purity water was used in Archimedes' experiment. In addition, three HIPed specimens for each powder size were taken to carry out the tensile tests on a QJ210 electronic universal testing machine based on GB/T 228-2002 metallic material tensile testing in the ambient temperature. e microstructure and fracture morphology of HIPed 2A12Al powder compacts were observed by a JSM 6010 scanning election microscope (SEM). e element distribution was characterized by an energy dispersive spectrometer (EDS, CamScan-3400). Before SEM and EDS, the specimens were sectioned, grounded, and polished. en, the specimens were etched with the Keller reagent (1.5 ml HCl, 2.5 ml HNO 3 , 1 ml HF, and 95 ml distilled H 2 O).
Results and Discussion

e Variation of Dimension and Relative Density.
ree samples were prepared using HIP for measuring the density and dimensional variation. Figure 2 shows the averaged relative density and the radial and axial dimensional variation rate of powder compacts with different powder sizes and measurement positions.
It can be found in Figure 2 (a) that the near-fully dense powder compact can be successfully obtained by HIP. e smallest relative density is 96.2% obtained from powders with 131-292 μm size, which is higher than that prepared by traditional pressing or sintering (95%) [14] .
e relative density increases with the decrease of powder size, which is similar to the results reported by Barringer and Bowen [15] , and the maximum relative density of 97.6% is obtained when the powder size is between 14 and 67 μm. At the beginning of HIP, there is a large amount of voids among loose powders with a contact of point-to-point. With the increase of pressure, the loose powders translate or rotate and become close to each other. Besides that, the bridges among the powders collapse. erefore, the powder particle rearrangement is the main densification mechanism [16, 17] . With the further increase of pressure, the normal stress on the powder surface increases and the yield stress of powder particles decreases with the increase of temperature. When the normal stress exceeds the yield stress, the plastic deformation of powder particles begins to occur. At this time, the plastic deformation of powders becomes the dominant densification mechanism. With the HIP process being carried on, the plastic deformation of powders and the friction among them are increased. Even if the temperature and pressure increase, the movement of powders is still restricted [18, 19] . e smaller the powder is, the easier the plastic deformation is and the better the densification is. Following rearrangement and plastic deformation, the previous interconnected voids are independent of each other and dispersed uniformly in the powder compact. In addition, the powder compact already has a certain density. e Table 2 : Chemical composition of the 2A12Al powder (wt.%).
Element Al Cu Mg Ti
voids are continuously spheroidized under the driven of the surface energy. erefore, the void size decreases and the contact area of powders increases. With the occurrence of the spheroidization process, the number and size of the voids decrease and the relative density increases. e densi cation is mainly achieved by the di usion of individual atoms or voids and the creep of the powder particles. e smaller the powder is, the easier the spheroidization is and the better the densi cation is. erefore, the smaller powder has the better densi cation and the higher relative density. e change in relative density gives rise to the dimensional variation. As shown in Figure 2(b) , the negative value indicates that the powder compact shrinks in both radial and axial directions during HIP. e trends of the dimensional shrinkage 
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and relative density are consistent.
e radial dimensional shrinkage rate increased distinctly from 12.6% to 17.4% with the decrease of powder size, while the axial dimensional variation rate decreased slightly from 2.0% to 0.5% (Figure 2(b) ). e increase in the radial dimensional shrinkage and the decrease in the axial dimensional variation rate are more obvious with the decrease of powder size, which is because the apparent density is higher and the particle gaps are smaller in the powder compact with small powders (powder 3) than that with large powders (powders 1 and 2) . With the radial dimensional shrinkage, the powder compact reaches the dense state quickly, which might prevent the axial dimensional variation.
Previous research indicated that radial and axial pressure of the cylinder part is different during HIP, as follows [20] :
where P r and P a are the radial and axial pressure; P is the applied external pressure; and L, r, and t are the height, radius, and thickness of the capsule, respectively. According to (1) and (2), the radial pressure is twice the axial pressure; therefore, the axial dimensional variation rate is smaller than the radial. In addition, the upper cover was welded with the cylinder, the rigidity of the welding seam was large, and the solder was accumulated at the welding, leading to a small axial dimensional variation rate. Figure 3 shows the micrographs of powder compacts with three different powder sizes after HIP. No obvious internal voids are observed, indicating that the near-fully dense powder compacts are achieved. Prior particle boundary (PPB) of powders was formed because of a large amount of second-phase particles existing at the powder boundaries and can be clearly seen in all compacts. In powders 1 and 2, the powder size is large and uniform; as a consequence, the PPB of each powder was retained in the final compacts, and the precipitated phases (as seen in Figures 3(a) and 3(b) ) were distributed at the powder particle boundaries in the continuous point-like form. However, in powder 3 ( Figure 3(c) ), the PPB of satellite particles almost disappeared, whereas the PPB of larger particles was apparent, which shows that the precipitated phases were heavily distributed at the three-way intersections among powder particles, instead of the continuously point-like form at the junctions. In addition, coarse precipitated phases can be found at the three-way intersections, which are composed of Al, Cu, Mg, and O elements (Figure 3(d) ). e Cu content of the original material is much lower than precipitated phases at the three-way intersections. erefore, it can be deducted that Cu in the original powder diffused and aggregated at the intersections, resulting in the formation of Al-Cu-Mg precipitated phases, which is similar to the results in [15] . It is noted that the PPB tended to be straight and the angle between boundaries was near 120°after HIP (vertex of Figure 3(b) ) In light of the observation above, it is suggested that the deformation law of the powder under high temperature and pressure is similar to the grain growth law, that is, the grain boundary tends to be straight to reduce the surface area and surface energy. Moreover, the small particles were annexed by adjacent large particles during boundary migration. e angle between boundaries tended to migrate closer to 120°, which is similar to the results in [21] . Nevertheless, the polygonal particles would gradually shrink or grow until the grain size is six. At this time, the interface is in equilibrium, the particles no longer move, and the edges are straight with an angle of 120° [21] . In powder 3, the large particles contact with each other firstly and then small particles. In addition, the overall temperature of small particles was higher than that of large ones [22] , and the plasticity was better. In the further forming process, a majority of the stress among large particles was undertaken by small particles. e deformation of large particles became slow and even stopped, which is similar to the rigid movement of the rigid body.
Microstructure.
e deformation of small particles promoted the large-scale movement of particles [23] .
erefore, the particle boundary deformation of powder 3 was severe, and part of the small particles even fused together. For the powders 1 and 2, the shape is more uniform and the size is larger than powder 3, resulting in a more difficult particle rearrangement [24] . Hence, the relative density of powder 3 is higher than that of the powders 1 and 2, which is consistent with the results of relative density measurement. Table 3 shows the variation of mechanical properties of the samples fabricated with the three powder sizes. With the decrease of powder size, the ultimate tensile strength, proof strength of plastic extension, and elongation of powder compacts after HIP increased from 265 MPa to 308 MPa, from 182 MPa to 263 MPa, and from 1.8% to 3.5%, respectively. e precipitated phases were distributed at the junctions in the continuous uniform point-like form in the powders 1 and 2.
Mechanical Properties of 2A12 Compacts after HIP.
e effective diffusion connection could not be formed, which would have a deleterious effect on the mechanical properties. However, the higher densification and the finer PPB of small powders are favorable for forming a sound bonded interface, which improves the mechanical properties.
e tensile strength, yield strength, and elongation increased by 14%, 30.8%, and 48.6%, respectively. Besides, the oxygen content of powder 3 was higher than that of the powders 1 and 2. Such interstitial atoms may act as the obstacles to the dislocation motions; as a result, the strength would be improved with the decrease of powder size [21] . Figure 4 is the fracture morphology of powder compact 1 (Figure 4(a) ) and powder compact 3 (Figure 4(b) ). e fracture morphology of powder compact 2 is similar to powder Advances in Materials Science and Engineeringcompact 1. In the powders 1 and 2, the fracture only occurred at the interfaces among particles (arrow 1 in Figure 4 (a)); therefore, the fracture feature can be deduced as brittle. In powder 3, dimples appeared in some areas (arrow 2 in Figure 4 (b)), indicating the ductile fracture characteristic, which is beneficial for improving the plasticity of the powder compact. In addition, the alloy element precipitation of powder 3 was embedded in the interior of particles (arrow 3 in Figure 4 (b)), enhancing the pinning effect and preventing dislocation movement, which would help to increase the strength.
Conclusions
e following conclusions can be drawn from this study:
(1) Near-fully dense 2A12Al compacts by HIP could be successfully achieved. e maximum relative density was 97.6%, which was obtained with the finest powder. Moreover, higher relative density was accompanied with larger radial and smaller axial dimensional variation rates. (2) e PPB of large powders tended to be straight, and the angle between boundaries was near 120°after HIP. However, the PPB of small powders underwent larger deformation, some small particles even fused together, and the PPB of satellite particles almost disappeared. (3) With the decrease of powder size, the precipitated phase changed from continuous point-like distribution at the junctions to the concentrated distribution in three-way intersection of particles, which made the diffusion bonding of interface tighter and was beneficial to improve the tensile strength, yield strength, and elongation. (4) e fracture mechanism of the powder compact with the large powder is brittle fracture, while the plastic fracture characteristic can be found in the powder compact with the small powder.
Conflicts of Interest
e authors declare that they have no conflicts of interest.
